The neuroprotective effects of theanine and catechins contained in green tea are discussed. Although the death of cultured rat cortical neurons was induced by the application of glutamic acid, this neuronal death was suppressed with exposure to theanine. The death of hippocampal CA1 pyramidal neurons caused by transient forebrain ischemia in the gerbil was inhibited with the ventricular preadministration of theanine. The neuronal death of the hippocampal CA3 region by kainate was also prevented by the administration of theanine. Theanine has a higher binding capacity for the AMPA/kainate receptors than for NMDA receptors, although the binding capacity in all cases is markedly less than that of glutamic acid. The results of the present study suggest that the mechanism of the neuroprotective effect of theanine is related not only to the glutamate receptor but also to other mechanisms such as the glutamate transporter, although further studies are needed. One of the onset mechanisms for arteriosclerosis, a major factor in ischemic cerebrovascular disease, is probably the oxidative alteration of low-density lipoprotein (LDL) by active oxygen species. The oxidative alterations of LDL were shown to be prevented by tea catechins. Scavenging of ˙O 2 ؊ was also exhibited by tea catechins. The neuroprotective effects of theanine and catechins contained in green tea are a focus of considerable attention, and further studies are warranted.
INTRODUCTION
The average life span of Japanese in 2000 was 84.6 years for women and 77.6 years for men. Although its people live longer than people elsewhere, Japan's aging population faces new difficulties such as the rising number of senile dementia patients, who have become one of the country's most serious problems. According to Ministry of Health, Labor, and Welfare statistics for 1997, cerebral stroke was the third highest cause of mortality after cancer and heart disease, accounting for 15.7% of all deaths, or about 138000 people. Of those strokes, 63% were caused by cerebral infarction, 23% by cerebral hemorrhage, and 10% by subarachnoid hemorrhage. Thus the majority of strokes in Japan are cerebral infarctions. If cerebral infarction is severe, with no post ischemic reperfusion, it may result in neuronal death; in cases of slight ischemia with reperfusion, on the other hand, neuronal damage may be minor. However, some brain regions are reported to be particularly vulnerable to ischemia, 1, 2) and ischemia of only 5 min can lead to neuronal death about 2 d later.
3) This is thought to be due to the elevation of the extracellular concentrations of the excitatory neurotransmitter glutamic acid with transient cerebral ischemia, 4) which induces neuronal damage by its excitotoxicity. [4] [5] [6] The relationship between ischemic neuronal death and cerebral vascular dementia has attracted the attention of researchers, and in cases of transient ischemia minimizing neuronal damage after reperfusion is considered vital.
One epidemiological study showed that the incidence of stroke was significantly lower in people who consume more than five cups of green tea (Camellia sinensis) per day. 7) We paid special attention to the g-glutamylethylamide (theanine) contained in green tea, which is a compound similar to the excitatory neurotransmitter glutamic acid (Fig. 1) , and we investigated the neuroprotective effect of theanine against transient forebrain ischemic neuronal death. Our investigations have demonstrated that theanine has a neuroprotective effect in transient ischemic neuronal death.
8) The inhibitory effects of green tea extract and flavonoids on low-density lipoprotein (LDL) oxidation, 9, 10) and the suppressive effects of tea catechins on lipid peroxidation and inhibition of the incidence of stroke in SHRSP rats 11) have also been reported. Based on these findings, the neuroprotective effects of theanine and catechins contained in tea were investigated.
CLASSIFICATION AND CHEMICAL COMPONENTS OF TEA
The widely accepted scientific name of tea is Camellia sinensis (L.) O. KUNTZE. The many varieties of tea include the small-leaf Chinese variety Camellia sinensis var. sinensis, and the large-leaf black tea discovered in India named Camellia sinensis var. assamica. The tea trees cultivated in Japan are thought to have been imported from China by a Zen monk or Japanese envoy to China in the 8th century during China's Tang Dynasty, and are thus of the small-leaf variety C. sinensis var. sinensis.
Tea is broadly classified according to the production method as unfermented tea (green tea), half-fermented tea (oolong tea), and full-fermented tea (black tea). The green tea produced in Japan is unfermented tea. The most common production method is steaming, although a small amount of tea in certain districts is produced by panning. This steaming or panning deactivates the oxidase in tea leaves, so that the tea retains its brilliant green color, from which it gets the name of green tea. The major chemical components of green tea are shown in Table 1. 12) A characteristic of green tea is that it maintains a monomer in the chemical structure of catechins, since it is unfermented, compared with oolong tea or black tea. Theanine and catechins are thought to be the chemical components that confer its neuroprotective effect.
NEURONAL DEATH BY GLUTAMATE TOXICITY
Glutamic acid plays an important role in memory and learning by producing synaptic plasticity, known as longterm potentiation (LTP) or long-term depression (LTD). Neurons contain between 1 and 10 mM glutamic acid, which is released from the cell by transmission of an impulse. This glutamic acid contributes to signal transduction by stimulating glutamate receptors and opening ion channels (Fig. 2) . Afterward, the glutamic acid is taken into neurons or glial cells by glutamate transporters 13) so that the concentration in the extracellular space is maintained at between 1 and 2 mM.
4) Glutamic acid taken into glial cells is transformed to glutamine by the action of glutamine transporters and transferred into neurons, where this glutamine is transformed again to glutamic acid. However, when the intracellular energy source ATP is depleted by injury such as ischemia, depolarization of the neuronal membrane leads to excessive release of glutamic acid and lack of ability to reabsorb this glutamic acid by the glutamate transporter, resulting in an excessive concentration of glutamic acid in the extracellular space. This excessive glutamic acid binds to N-methyl-D-aspartate (NMDA) and non-NMDA receptors in the postsynaptic membrane, increasing cell permeability to Ca 2ϩ . [14] [15] [16] A high concentration of free Ca 2ϩ is thought to cause neuronal death by abnormal activation of various enzymes in the cell. 17, 18) or by increasing the amount of superoxide radicals. 19, 20) A correlation has been shown between intracellular concentration of Ca 2ϩ and neuronal death. 21) This theoretical relation between glutamic acid/calcium ions and cell death is now widely accepted. 22) 4. THEANINE AS A GLUTAMATE ANALOGUE Theanine was discovered as a flavorous component of green tea (C. sinensis) 23) and is a characteristic component of tea. Theanine was reported to be biologically active in reducing systemic blood pressure, 24) producing a relaxation effect, 25) and suppressing the stimulatory action of caffeine. 26, 27) Since theanine is an ethylamide and glutamate analogue of the excitatory neurotransmitter glutamic acid ( Fig. 1) , we paid special attention to the actions of theanine which may compete with glutamic acid to bind the glutamate receptors, thereby suppressing glutamate toxicity and conferring a neuroprotective effect. We then investigated the neuroprotective effect of theanine in both in vitro and in vivo studies, as well as the mechanisms of the posited neuroprotective effects.
Inhibitory Effects of Glutamate Toxicity by Theanine in in Vitro
Studies Nozawa et al. 28) exposed cultured rat cortical neurons to between 25 and 800 mM of glutamic acid and found that 50% of the cells died with exposure to glutamic acid 50 mM. However, the death of cultured rat cortical neurons induced by glutamic acid was suppressed by simultaneous exposure to theanine 500 mM, 29) suggesting the neuroprotective effect of theanine on glutamate toxicity.
Neuroprotective Effect of Theanine in in Vivo Studies
We examined the neuroprotective effect of theanine on postischemic neuronal death in field CA1 of the gerbil hippocampus using a transient ischemia model (Fig. 3 ). 8) 1514
Vol. Transient forebrain ischemia was induced by bilateral occlusion of the common carotid arteries for 3 min, with brain temperature carefully controlled at about 37°C. The studies were done with the following three experimental groups: 1) sham-operated animals administered theanine 500 mM 30 min before the sham operation (sham-operated group): 2) control animals administered saline 30 min before ischemia (control group): and 3) theanine-treated animals administered theanine concentrations of 50 mM, 125 mM and 500 mM 30 min before ischemia (theanine-pretreated group). The theanine solutions were administered with a glass micropipette through a lateral ventricle. Transient forebrain ischemia was induced as described above. Then, after a survival period of 7 d, the animals were deeply anesthetized with pentobarbital and perfused transcardially with heparinized saline followed by 10% formaldehyde in 0.1 M phosphate buffer. Their brains were removed and embedded in paraffin. Three coronal sections with a thickness of 4 mm, taken from a level of 2.0 mm posterior to the bregma, were made using a microtome and stained with cresyl-violet. The number of intact CA1 neurons in the hippocampus in an ocular grid (rectangle, 500 mm wide and 100 mm high) was assessed.
In the sham-operated group, the number of CA1 pyramidal neurons was 117Ϯ6, the same as in a previous study, 30) and no neuronal damage was observed. Most CA1 neurons degenerated or disappeared in the control group. In contrast, most CA1 neurons were preserved in the theanine 500 mM pretreated group. Ischemic neuronal death in field CA1 of the hippocampus was suppressed in the theanine-pretreated groups in a dose-dependent manner, with approximately 60% and 90% survival with theanine 125 mM and 500 mM, respectively. Thus a neuroprotective effect of theanine was also shown against neuronal death in the CA1 region by transient brain ischemia in an in vivo study.
Mechanism of Theanine Neuroprotection
Since theanine is a natural glutamate analogue (Fig. 2) , we paid special attention to the action of theanine on glutamate receptors as one of the mechanisms of neuroprotection. To evaluate the binding activity of theanine on glutamate receptor subtypes (RS)-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA), kainite, and NMDA, we studied the inhibiting effects of theanine on the binding of radiolabeled 31) Since the inhibitory activity of theanine against the binding of radiolabeled ligands to glutamate receptors was shown, it was suggested that theanine acts on glutamate receptors as an antagonist. However, the IC 50 value of theanine was about 80-to 30000-fold less than that of glutamic acid, and therefore the binding activity of theanine was shown to be very mild. The inhibitory effect of theanine on glutamate receptor subtypes AMPA and kainite receptor was shown to be one order higher than that of the NMDA receptor.
Although the IC 50 value of theanine on AMPA receptor was 80-fold lower than that of glutamic acid, the binding concentration was 10 Ϫ5 M, which is thought to be pharmacologically effective. 31) Sheardown et al. 32) reported that the death of CA1 pyramidal neurons was reduced with the administration of AMPA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX) before and after ischemia, and suggested that AMPA receptors play a functional role in neuronal death induced through NMDA receptors. AMPA receptors generally have a high permeability for Na ϩ , but not for Ca 2ϩ . However, it has been suggested that the influx of Ca 2ϩ into the cells is increased by modification of the subunit composition to give Ca 2ϩ permeability and suppression of GluR2 gene expression in the hippocampal CA1 region, which sustains delayed neuronal death following transient ischemia. 15, 16) This would suggest that theanine contributes to neuroprotection in delayed neuronal death by also acting on AMPA receptors. Nellgård et al. 33) reported that neuronal death was prevented by administration of AMPA receptor antagonist even after ischemia, and thus theanine might also prevent neuronal death when adminis- Lower photomicrographs show a higher magnification of the CA1 sector. Bars: 500 mm in (a), 50 mm in (d). Neuronal damage was not observed in the sham-operated group (a, d). Widespread neuronal destruction was observed in the CA1 sector, whereas almost all neurons in the CA3 sector and dentate gyrus were preserved (b, e). Ischemic neuronal destruction in CA1 sector is prevented by theanine administration (c, f). (Kakuda T., et al.) 8) tered after ischemia, but further studies on this are needed.
The IC 50 value of theanine on kainate receptors was also about 80-fold lower than that of glutamic acid. While the activity was very low, the binding concentration was 10
which is thought to be pharmacologically effective. 31) Hippocampal CA3 pyramidal neurons showed the highest uptake of radiolabelled kainate in the brain, 34) and were killed with exposure to kainate. 35) In our previous study, neuronal death in the hippocampal CA3 region was seen with intraperitoneal injection of kainate 8 mg/kg, but this neuronal death was prevented by the administration of theanine into the ventricle before the intraperitoneal injection of kainate. 36) These findings suggest that theanine also binds to kainite receptors as an antagonist, and that theanine plays a role in neuroprotection.
The hippocampal CA1 region, the neurons of which are vulnerable to ischemia, contains many NMDA receptors. 34, 37) The IC 50 value of theanine on NMDA receptors was about 30000-fold less than that of glutamic acid, and one order less than that of AMPA or kainate receptors. Thus, the binding capacity of theanine to NMDA receptors was very low, and the binding concentration was 10
31) Maruyama and Takeda. 38) suggested that even though the binding capacity of theanine to glutamate receptors is low, theanine may act as a competitive antagonist to glutamate receptors. Yokogoshi et al. 39) reported that the administration of theanine into brain striata increased dopamine release markedly, but that this release was inhibited by pretreatment with D-2-amino-5-phosphonopentanoate (D-APV). These findings suggest that the binding activity of theanine on NMDA receptors is very mild, but that theanine acts on glutamate receptors as an antagonist.
It is known that neuroprotective agents such as MK801 act by lowering the brain temperature. 40, 41) However, the results of one of our previous studies in which the brain temperature was maintained at 37.5Ϯ0.2°C suggest that this is not the case with the neuroprotective effect of theanine. 8) The above results suggest that one of the mechanisms of the neuroprotective effects of theanine against neuronal death from transient ischemia is related to the fact that theanine binds to glutamate receptor subtypes such as AMPA, kainate, and NMDA receptors as an antagonist. However, it has been shown that the binding capacity of theanine to glutamate receptors is much lower than that of glutamic acid, which suggests that the antagonistic effect of theanine would be very mild. 31) Therefore other mechanisms for the neuroprotective action of theanine in transient ischemia are thought to exist. The glutamic acid discharged from the presynapse acts on glutamate receptors in the postsynaptic membrane.
42) The Ca 2ϩ channel then opens, and Ca 2ϩ flows into the cells. The extracellular glutamic acid is then taken back up through glutamate transporters in glial cells and the synaptic membrane. 21, 43, 44) Glutamine is then synthesized by glutamine synthetase from the glutamic acid taken into the glial cells. 45, 46) Glutamine is taken into the presynapse through glutamine transporters. This glutamine is converted to glutamic acid by glutaminase and stored again in synaptic vesicles through a glutamic acid-glutamine cycle. 43) Further studies on the effects of theanine on glutamate and glutamine transporters are needed.
Theanine Metabolism
Kitaoka et al. 47) reported that theanine, similar to glutamic acid, was absorbed into the blood from the intestinal tract through cotransport with Na ϩ . Unno et al. 48) reported that the serum theanine concentration reached a peak 0.5 to 2 h after oral administration of theanine 200 mg/kg in rats, and Yokogoshi et al. 49) showed that orally administered theanine entered the brain through the bloodbrain barrier. Thus it is clear that orally administered theanine is absorbed into the blood from the intestinal tract, and then a very small amount of theanine in blood flows into the brain through the blood-brain barrier. Therefore further in vivo studies are needed with oral administration of theanine to determine how it confers a neuroprotective effect.
ANTIARTERIOSCLEROTIC EFFECT OF TEA CATE-CHINS
Arteriosclerosis (atherosclerosis and arteriolosclerosis) is a main cause of ischemic cerebrovascular disease, and prevention of cerebral arteriosclerosis is important in suppressing neuronal death. The relationship between active oxygen species and one of the mechanisms for the development of arteriosclerosis has become a focus of attention. LDL undergoes oxidative changes due to active oxygen species, and this oxidatively altered LDL is ingested by macrophages to form foam cells. 50) Therefore inhibiting the formation of oxidatively altered LDL is important in terms of preventing arteriosclerosis.
Green tea also contains catechins such as (Ϫ)-epigallocatechin gallate (EGCg), (Ϫ)-epigallocatechin (EGC), (Ϫ)-epicatechin gallate (ECg), and (Ϫ)-epicatechin (EC) at levels of 10-15% (Fig. 4) . The oxidative alterations of LDL were shown to be prevented by tea catechins, 51) and oral administration of EGCg in humans reportedly causes a decrease in peroxidative phospholipids and an increase in free catechins in the serum.
52) The increase in stroke rate was reported to be lowered and survival time increased by oral administration of catechins over a long period to SHRSP, the radical scavenger effects 11) and the preventive effect of lipid peroxidation. 51, 52) Daily ingestion of tea as an antioxidant has also been reported to prevent stroke. 53) The above findings suggest that ingestion of tea containing antioxidant catechins is effective in the prevention of arteriosclerosis.
Radical Scavenger Effects of Tea Catechins
Active oxygen species generated in the body include the superoxide anion radical (˙O 2 Ϫ ), hydroxyl radical (˙OH), and hyperperoxy radical (˙OOH). Of these active oxygen species, ˙O 2 ˙O 2 Ϫ as triggers of the generation of ˙OH and ˙OOH. Therefore the scavenging of ˙O 2 Ϫ is important. Unno et al. 54) reported a scavenging effect of tea catechins on ˙O 2 Ϫ They used electron-spin resonance to measure the ˙O 2 Ϫ generated from a hypoxanthine (HPX) and xanthine oxidase (XOD) reaction system, and determined the radical scavenging activity of tea catechins to be at the IC 50 (50% inhibition concentration). Strong scavenging of ˙O 2 Ϫ was exhibited by EGCg (which accounts for about 50% of tea catechins), EGC, (Ϫ)-gallocatechin gallate (GCg), and (Ϫ)-gallocatechin (GC). It was suggested that tea catechins, similar to superoxide dismutase (SOD), directly eliminate the ˙O 2 Ϫ that is generated.
Effect of Tea Catechins on Neuroprotection
A small percentage of the catechins consumed in tea are absorbed into the blood vessels from the intestinal tract, 55, 56) and trace amounts of tea catechins pass through the bloodbrain barrier. 56, 57) Moreover, it has been reported that neuronal death following transient ischemia was inhibited by oral administration of (Ϫ)-catechin, 58) and that green tea polyphenol EGCg has protective effects against hippocampal neuronal damage after transient global ischemia in gerbils. 59) These results suggest that the neuroprotective effect of tea catechins is due to prevention of lipid peroxidation and a radical-scavenging effect.
COMPARISON OF THE NEUROPROTECTIVE EF-FECT OF THE GREEN TEA COMPONENTS THEANINE AND CATECHINS WITH PREEXISTING CHEMICALS
Glutamate receptor antagonists include selective and competitive blockers such as D-APV, and noncompetitive blockers such as MK801, phencyclidine (PCP), and ketamine against NMDA receptors, and NBQX against non-NMDA receptors. 32, 33) These chemicals exhibited protection against neuronal death with administration before ischemia. 32, 33, 60) However, large amounts of such selective and competitive blockers are needed to bind competitively with large amounts of glutamic acid, and side effects become a problem. 60, 61) In addition, the side effect of hollowing out the neuron was reported with MK801. 60) Moreover, since these chemicals must be administered in a matter of minutes after the onset of ischemic disease, many problems must still be overcome for them to be of practical use. NBQX has been used against AMPA/kainate receptors, and showed effective neuroprotection in preventing delayed neuronal death when administered within 2 h after the ischemic event. 32) On the other hand, since the antagonistic effects of theanine against glutamate receptors were very mild compared with those of glutamic acid, the neuroprotective effects of theanine were less compared with those of clinical agents such as MK801 or NBQX. While tea catechins are very effective in preventing arteriosclerosis through their antioxidant effect and scavenging of active oxygen species, their actions in the brain remain unclear. There is no doubt as to their safety, since most Japanese consume theanine and catechins in green tea almost daily. Therefore it is important to confirm the mechanisms and clinical applications of the neuroprotective effects of the green tea components theanine and catechins to maintain and promote the brain health in an aging society.
CONCLUSIONS
The neuroprotective effects of theanine in green tea against glutamate toxicity were shown in cultured rat cortical neurons. The death of hippocampal CA1 pyramidal neurons caused by transient forebrain ischemia in the gerbil was inhibited by the ventricular preadministration of theanine. Theanine has a higher binding capacity to the AMPA/kainate receptors than to NMDA receptors, although the binding capacity is markedly less than that of glutamic acid. Thus it is suggested that one of the mechanisms of theanine responsible for its neuroprotective effect is associated with glutamate receptors as an antagonist. However, these findings show that the actions of theanine are very mild compared with those of glutamic acid. Since the results of the present study suggest that the mechanism of the neuroprotective effect of theanine is related not only to the glutamate receptor but also to other mechanisms such as the glutamate transporter, further studies are needed. One of the causes of arteriosclerosis, a major factor in ischemic cerebrovascular disease, is probably the oxidative alteration of LDL by active oxygen species. Since the oxidative alterations of LDL were shown to be prevented and scavenging of ˙O 2 Ϫ was also exhibited by tea catechins, the study of the neuroprotective effects of tea catechins has also attracted attention. Thus the neuroprotective effect of theanine and catechins contained green tea are a focus of considerable attention, and further studies are warranted.
